. Sequencing short sequence reads (or tags) taken from the 5′ ends of full-length cDNAs allows TSSs to be mapped and their expression, measured by tag frequency, to be analyzed. The TSS-based approach of CAGE has enabled high-throughput identification of promoters 6 . CAGE has been instrumental in globally mapping specific TSSs in eukaryotes [6] [7] [8] [9] [10] , emphasizing the existence of alternatively regulated TSSs 11, 12 and novel regulatory elements 6 , and it has allowed predictions of transcription factor binding sites 13 and other motifs associated with transcription 14 . In addition, the analysis of 5′ ends by CAGE is particularly suitable for inferring gene regulatory networks and has provided knowledge of the key transcription factors responsible for the differentiation of monoblasts to monocytes 15 . The fact that CAGE is not biased toward a known gene model has led to the observation that retrotransposon elements are specifically expressed and act as regulators of protein-coding RNAs and other ncRNAs 16 . With this protocol, we have provided more than a billion CAGE reads for the ENCyclopedia Of DNA Elements (ENCODE) project. The protocol is also being implemented in other laboratories, which are successfully performing cap-trapper/CAGE library preparation 17, 18 . Initial CAGE protocols were based on sequencing short reads (21 nt) downstream of the cap sites. The length was dictated by the availability of only relatively short Class IIS restriction enzymes, such as MmeI 5, [19] [20] [21] ; furthermore, these early protocols required large amount of starting material, in the range of 30-50 µg of total RNA. The protocol we present here profoundly differs from previous ones: optimization of ligations and linker design decreased the starting amount of RNA to 1-5 µg or less, a tenfold decrease compared with the previous protocol 5 . In the case of the ENCODE project, we have routinely used 5 µg of poly-A-minus RNAs, which were depleted of capped RNAs. This demonstrates the potential to further scale down the amount of starting RNA. In addition, we introduced the EcoP15I restriction enzyme, which cleaves 27 nt apart, resulting in longer reads and thus improving their mapping. Finally, the protocols can be applied to the use of 96-well plates or 8-strip tubes and multichannel pipettes for high-throughput library preparation, thereby matching the increasing sequencing capacities. Altogether, the reduction of starting material is useful in applying the method to larger number of samples while maintaining the number of PCR cycles below 15 .
The development of CAGE technology has gone alongside the development of sequencing technology, moving from Sanger to next-generation sequencing, which clearly has the power to characterize RNA expression. CAGE has been deployed by using a variety of sequening platforms, including 454 Life Sciences 19 , Applied Biosystems SOLiD 21 , HeliScope 6 , Illumina Genome Analyzer , which is based on selectively ligating decapped 5′ RNA end with T4 RNA ligase. In contrast to CAGE, RNA ligase may show sequence preferences 17 . NanoCAGE 18 is an alternative that requires less RNA, but it requires a much larger number of PCR cycles, which carries an inherent representation bias. The single-molecule Heliscope CAGE 5 was also shown to work with less than a microgram of RNA, but the number of reads obtained is often lower than that obtained with the method presented here. Gene identification signature-paired-end ditagging (GIS-PET) resembles CAGE for capturing 5′ end or capped RNA, but it also allows the 3′ end of poly-A RNA to be captured. GIS-PET is thus a very powerful tool for measuring coupled initiationtermination events, and thus for defining gene borders 19 . However, its procedure includes a large number of steps, comprising ligation to plasmids and a plasmid amplification step, which may result in both size and representational bias in comparison with CAGE.
Experimental design cDNA synthesis that efficiently reaches the 5′ ends. For an overview of CAGE library preparation, see Figure 1 . First, cDNA is reverse transcribed by reverse transcriptase with a random primer that includes the EcoP15I sequence and polyadenylated and nonpolyadenylated RNA as template. Engineered reverse transcriptases, which are devoid of RNase H activity, are necessary to produce high-quality first-strand cDNA from randomly primed RNAs. The absence of RNase H activity is mandatory; otherwise, they will cause nicks on the RNA strand of the RNA/cDNA hybrid. Such nicks could result in the depletion of the capped RNA from the hybrid. In addition, nicks would expose newly formed 3′ ends. These could be biotinylated and compromise the selectivity of the cap-trapping reaction, which is based on selecting the biotin on the cap site of the RNA (Fig. 1) . Random primers (RT-N15-EcoP) are used to prime the reverse transcription (RT), allowing capture of all RNAs, including nonpolyadenylated capped RNAs as identified in an ongoing study 21 . Random priming also prevents underrepresentation of very long polyadenylated RNAs, which may occur in oligo-dT-primed reactions, as the RT may not be efficient enough to reach the 5′ ends of very large mRNAs (5-10 kb). Alternatively, if such very long polyadenylated RNAs are oligo-dT primed, oligo-dT priming could introduce a bias against longer mRNAs in the event of partial RNA degradation. Hence, this method is centered on the use of the random primers, which allow the 5′ end of capped RNAs to be effectively and equally reached regardless of the size of the RNAs.
Besides identifying classic promoters, CAGE also highlights other types of putatively capped transcripts in 3′ untranslated regions (UTRs) and exons 11, 23 . We have found that the optional inclusion of oligo-dT primer adapters to the random primers allows better identification of these unconventional TSSs, suggesting that they represent TSS of relatively short polyadenylated RNAs. Addition or removal of the oligo-dT in the priming reaction helps tune up/down the representation of these putative ncRNAs (Supplementary Fig. 1 ). Figure 1 | Workflow of CAGE library preparation. cDNA is reverse transcribed by reverse transcriptase using a random primer including the EcoP15I sequence (yellow) and polyadenylated and nonpolyadenylated RNA as template in Steps 1-4. Cap and 3′ ends are biotinylated, and after RNase digestion of nonhybridized single-stranded RNA (represented by scissors), 5′ complete cDNAs hybridized to biotinylated capped RNAs are captured by streptavidin-coated magnetic beads in Steps 5-22. The cDNA is next released from RNA and ligated to a 5′ linker including a bar-coded sequence (red) and EcoP15I sequence (yellow) in Steps 23-32. The double-strand 5′ linkers are then denatured at 94 °C to allow the biotin-modified second SOL primer to anneal to the single-stranded cDNA and prime second-strand cDNA synthesis in Steps 33-39. Subsequently, cDNA is digested with EcoP15I, which cleaves 27 bp inside the 5′ end of the cDNA in Steps 40-42. Next, a 3′ linker containing the 3′ Illumina primer sequence (purple) is ligated at the 3′ end in Steps 43 and 44. The 96-bp CAGE tags are amplified with the forward primer (green) and reverse primer, which are both compatible with the Illumina flow cell surface, in Steps 45-58. C, cap; B, biotin; SMB, streptavidin-coated magnetic beads. Steps 5-22
Steps 23-32
Steps 33-39
Steps 40-42
Steps 43 and 44
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Steps Random priming takes place at 25 °C (see Step 4) . This low annealing temperature is deliberately used to introduce numerous mismatches on the primer-RNA hybrid, which allows subsequent digestion of these nonhybridized single-stranded RNA parts ( Fig. 2a) with RNase I.
Sorbitol and trehalose addition increases the reverse transcriptase activity at high temperature (55~60 °C), further extending the cDNA to the cap site, even for difficult RNA templates, such as highly structured, GC-rich 5′ UTRs 24, 25 . Cleaning up the first-strand cDNA reaction is necessary before the chemical biotinylation of the cap: the Tris buffer, the saccharides and glycerol present in the first-strand cDNA reaction provide diol groups, which are targets for chemical oxidation (and its subsequent biotinylation), thus competing with the cap for biotinylation. Purification also helps to remove nucleic acids shorter than 100 nt, which can include cDNA primers.
Cap trapping: chemical biotinylation and capture of complete cDNAs. Chemical oxidation with NaIO 4 is used to open the RNA diol groups. These include the diols at the 5′ ends, on the cap structure, and the diol group at the 3′ ends of all RNAs (Fig. 1) . The derived oxidized dialdehyde reacts to a long-arm biotin hydrazide, which results in biotinylation of the cap site and the 3′ ends of RNAs (Fig. 2a) . Before capturing the biotinylated cap, it is necessary to treat the sample with RNase I to cleave singlestranded RNA regions that are not protected by newly synthesized cDNAs (Fig. 2) ; this typically occurs when the cDNA does not reach the cap site. Usually, the 3′ RNA ends are also left single-stranded because random priming seldom primes exactly at the 3′ ends of RNAs. To minimize the chances of capturing cDNAs derived from primers that perfectly matched the 3′ end of the RNA, we use primers with a long random region (15 nt long, or N 15 ). Owing to the low priming temperature (which is very efficient for extending N 15 partially mismatched primers 15 ) and the complexity of the primer (four 15 theoretical combinations of sequences), most primers are likely to prime leaving several mismatched bases. This would not necessarily be the case with a much shorter N 6 random primer. More than one random primer could anneal to the same RNA at different positions, producing multiple tandem aligned cDNAs (see Fig. 2a for examples of different random priming patterns). However, only some reach the cap site (as shown in example 1 in Fig. 2a) , and thus the others must be eliminated to avoid contaminating the library. Mismatches within the random priming sites allow RNase I to nick the RNAs at all the mismatched bases (Fig. 2b) , and the single RNA nucleotides released from the imperfect DNA hybrids are degraded. The next step, in which In addition to the 5′ end of capped RNAs, biotinylation takes place also on the diol group at the 3′ end of capped RNAs and at the 3′ end of ribosomal/other uncapped RNAs, which must be subsequently eliminated to avoid contamination of 5′ complete cDNA. Careful usage of random primers has been instrumental in achieving this. Blue strand indicates 5′ capped RNA and green strand indicates noncapped RNA. Pink strand includes random primer (with restriction enzyme site in yellow) and shows first-strand cDNA extension. Examples 1-6 show different potential random priming patterns. C, cap; B, biotin. (b) RNase I is used to cleave single-strand mismatched regions produced by cDNA synthesis using random primers. The two examples show different random priming patterns on 5′ capped RNA; the upper example (from example 1 in a) results in capture of 5′ complete cDNA, whereas the bottom example (from example 2 in a) shows incomplete cDNA that did not extend to the 5′ end. The incomplete cDNA is subsequently eliminated because of RNase I cleavage from the biotinylated cap. (c) Uncapped/incomplete cDNAs derived from primers that perfectly matched the 3′ end of the RNA and biotinylated at the 3′ end need to be eliminated from the library to reduce bias due to ribosomal RNA contamination. Infrequent cases of perfectly aligned random priming at the 3′ end would cause capture through the 3′ end biotin on ribosomal RNA. However, long random primers (N 15 ; pink) leave mismatches that are cleaved by RNase I treatment, as described in b. Heating to 65 °C after RNase treatment releases the biotin at the 3′ end from the cDNA/RNA hybrid, which is then washed out at the cap-trapping step. (d) Removal of ribosomal cDNA sequence tags by RNase treatment and heating at 65 °C. In a previous protocol that used the GS20/GSFLX sequencer (454 Life Sciences) 39 , ribosomal CAGE tags represented ~30% of the tags without treatment at 65 °C (n = 6). Other samples were incubated at 65 °C for 5 min, resulting in a ribosomal RNA decrease to 5.41% (n = 6). Error bars indicate s.d. of experiments. A third sample, by using the protocol presented here for the Illumina sequencing instruments, shows further decreased ribosomal RNAs. Other RNAs include RNA sequences mappable to the genome (60-89%) or unmapped RNA-derived sequences. RNase I treatment is followed by a short incubation at 65 °C, also releases the biotinylated 3′ end of RNAs from RNA-cDNA hybrids, ensuring that cDNAs derived from primers that perfectly matched the 3′ end of the RNA are not subsequently captured (Fig. 2c) .
As we mostly use total RNA as starting material, heating at 65 °C is essential to reduce the final ribosomal contamination to less than 1% (Fig. 2d) . The cDNAs including the biotinylated cap site are finally captured with streptavidin-coated magnetic beads.
cDNAs that do not reach the cap site are not bound and are eliminated ( Fig. 1) . To collect 5′ complete cDNA from RNA hybrids, the magnetic beads are treated with alkali, causing denaturation of nucleic acid hybrids and partial hydrolysis of RNAs. Alternatively, RNase H treatment can be used to recover cDNAs 6, 26 .
Providing a priming site for the second-strand cDNA synthesis.
The recovered cap-selected single-stranded cDNA requires the addition of a primable sequence for second-strand cDNA synthesis and subsequent sequencing operations. This is achieved with the single-strand linker ligation method, which exploits the ability of DNA ligase to join single-stranded cDNAs to a partial double-strand linker with a protruding single-strand random tail in the presence of polyethylene glycol 27 . Sequences of 5′ linkers with bar codes and their preparation are listed in the REAGENT SETUP and Table 1 . 'Phos' and NH 2 stand for a phosphate and amino-link modifications, respectively ( Table 1) . These modifications allow a marked reduction of 5′ linker dimers and simultaneously increase the linker-cDNA ligation efficiency (Fig. 3a) , because linkers do not ligate to each other but are available only to ligate cDNA, during the whole reaction. The upper linkers ( Table 1 ) contain a mixture of fully random hexamers at the 3′ end regions, which will anneal to the cDNA at the sequences corresponding to the 5′ end of the original capped RNAs. In addition, a GN 5 is also mixed with the N 6 -ending linkers, where the first N is substituted with a guanine. The GN 5 linker is used at a ratio of 5:1 with the random N 6 purposely because the majority of the cDNAs carry a cytosine as the last base. This is often added by the terminal transferase activity of the reverse transcriptase when it reaches the cap site 28 . In addition, in mammalian promoters, the first transcribed base of POLR2A promoters is often a G as a part of the initiator element sequence 11 , resulting often in a C as the last nucleotide of cDNAs.
As this is a crucial reaction, linkers should be properly purified by HPLC or by preparative gel electrophoresis. We also recommend synthesizing the linker with fresh reagents. We have noticed that some of the random N nucleotides may be under-represented when using old reagents, thus introducing ligation biases, because nonrandom linkers could miss some of the cDNA sequences.
In this step, the linkers ligated to the cDNAs can also be barcoded, in order to pool multiple samples into a single lane to cut down the sequencing costs. We commonly pool four to six libraries, although progress in sequencing technologies will allow multiplexing with many more samples in the future, using, for example, an Illumina Multiplex Sequencing system. When bar coding is used, PCR amplification can be applied to all samples simultaneously, which minimizes amplification bias and further aids quantitative comparisons across different conditions 29 . Conversely, if very deep CAGE sequencing is desired, bar coding and pooling are not necessary.
The second-strand cDNA synthesis is initiated by a biotinmodified primer, which is used to purify CAGE tags. A thermostable DNA polymerase is used in order to extend at high temperature any potential secondary structure of the cDNA.
Cleavage of the 27-nt CAGE tags and PCR amplification. Before the restriction digestion, the cDNA is treated with Antarctic phosphatase, which removes the phosphate modification at the 5′ end of the 5′ linker, as the phosphorylated 5′ linker would otherwise nonspecifically ligate to the 3′ linker during the subsequent 3′ linker ligation step, causing artifacts that will contaminate the library (Fig. 3b) . The second-strand cDNA is then cleaved by EcoP15I, a type III restriction enzyme that cleaves 27 nt downstream of the enzyme recognition site. As EcoP15I requires two recognition sequences in opposite (head to head) orientation on the same DNA regardless of their reciprocal distance 30 , another EcoP15I was included in the first-strand cDNA primer (RT-N15-EcoP). In addition, cleavage is enhanced in the presence of AdoMet, an analog of sinefungin, which stimulates EcoP15I (ref. 31) . The amount of enzyme should be carefully determined. Excess of this enzyme inhibits the cleavage of small cDNA amounts. After cleavage, the 3′ linker (Table 1) , ending with two NN protruding nucleotides, is ligated at the EcoP15I cleavage site and provides a priming site for the subsequent PCR amplification. To avoid contamination of the library with 3′ linker dimers, the excess of 3′ linkers should be removed before PCR. To do so, we take advantage of the biotin present at the 5′ end on the second-strand primer (the second Solexa (SOL) primer); streptavidin-based capture leaves the 3′ linker dimers in solution, thus allowing their removal.
For the PCR amplification step, the Phusion high-fidelity DNA polymerase performs very well, allowing a reduction in the number of PCR cycles. In addition, Phusion does not add extra As at the 3′ ends of the PCR products, which would cause mismatches with the primer of the Illumina sequencer. Before bulk PCR of the whole CAGE library, we determine the optimal PCR cycle number. This optimization is important in order to keep the PCR cycle number to a minimum and to reduce any possible PCR bias. The whole library is finally amplified by PCR and is subsequently sequenced. By using 5 µg of total mammalian RNAs, fewer than 15 PCR cycles are usually necessary. The CAGE reads are 96 bp long, including the specified sequences for Illumina sequencing platforms. The excess of PCR primers is degraded with Exonuclease I, which degrades single-stranded DNAs but not the double-stranded DNA CAGE tags. Controls. We suggest that inexperienced users of the protocol prepare a control library with an RNA that is commonly used in the laboratory, such as that from a mouse embryo (17.5 days after conception). It is possible to take aliquots of the cDNA to measure the efficiency of cDNA synthesis using quantitative RT-PCR (qRT-PCR) with housekeeping genes such as that encoding β-actin (ACTB; see Step 28) . We recommend using genes that show specific transcription starting sites, such as ACTB. qRT-PCR primers should be designed to include the borders of cDNA at the points where they ligate with the linker sequences at the 5′ end of the transcript. For example, primers include the 5′ end of ACTB and part of the linker (including the EcoP15I site); the other primer is simply designed in the middle of the ACTB sequence. Similarly, we also prepare a set of primers to amplify ribosomal-derived cDNA sequence. qRT-PCR primer sequences are shown in Table 1 • RNA isolation and preparation (5 mg of total RNA, polyA plus RNA or polyA minus RNA) We recommend using RNA that was isolated with Trizol LS, an RNeasy (micro) kit or equivalent methods, whereby obtained RNAs have a RIN value above 7 (as measured with the Agilent RNA nano kit). We generally use 5 µg of total RNA. The protocol can also be used to prepare CAGE libraries from 5 µg of polyA minus RNA or 1 µg of polyA plus RNA, which can be prepared by Poly(A)Purist mRNA purification kits or equivalent kits. As these types of samples contain different amounts of capped RNAs, it is likely that this protocol can be used with larger or smaller amount of RNAs. procedure  crItIcal The procedure described here is for a single sample. However, the protocol is commonly performed using multiple samples, including preparation of CAGE libraries with multipipettes. In this case, where appropriate, prepare a master mix of reagents to avoid technical bias. ! cautIon Wear gloves and lab coat throughout the procedure. Keep samples and reagents under RNase-free conditions until the end of the cap-trap procedures, as RNA degradation will interfere with several steps. 
6|
Place the reaction solution on the magnetic stand and wait for 5 min. Aspirate the cleared solution and discard.  crItIcal step Aspirate carefully. In order to avoid contamination constituted by residual primers, be sure not to aspirate beads in the pipette tip together with the solution.
7|
Keep the sample on the magnetic stand and wash the beads with 150 µl of 70% (vol/vol) ethanol; wash both the beads and the tube walls. After checking that the beads are settled on the tube wall, aspirate the cleared solution. Repeat this washing step.
8|
Remove the sample from the magnetic stand, add 40 µl of 37 °C preheated water and extensively pipette. The manufacturer suggests pipetting at least 20 times to completely elute the nucleic acids.
9|
Incubate the sample at 37 °C for 10 min and then place it on the magnetic stand for 5 min to separate the beads. Transfer the eluant to the new tube (40 µl).
10|
Keep the cDNA on ice until the next step.
diol oxidation with naIo 4 • tIMInG 50 min 11| Mix the following reagents on ice and incubate on ice for 45 min: Resuspend the magnetic beads in 80 µl of wash buffer 1.  crItIcal step Coating the beads with tRNA before cDNA capture is essential for diminishing nonspecific cDNA/bead interactions and thus reducing the contamination of cDNAs that did not reach the cap site. Note that E. coli tRNAs are added after the RT reaction and thus these sequences cannot contaminate the CAGE library.
20| Add 40 µl of the purified cDNA from Step 18 to the 80 µl of washed MPG beads from Step 19.
21|
Incubate at room temperature for 30 min (pipette thoroughly ten times or vortex moderately every 5 min). Place the reaction solution on the magnetic stand and wait for 3 min for the beads to separate. Aspirate and discard the cleared solution.
22|
Keep the sample on the magnetic stand and wash the beads with 150 µl of the various wash buffers as follows. Wash buffer 1 (once), wash buffer 2 (once), wash buffer 3 (twice) and wash buffer 4 (twice). At each wash, resuspend the beads and let them separate for 3 min on the magnetic stand before discarding the washing solution.  crItIcal step It is important to wash multiple times. We have found that this helps prevent contamination of noncapped molecules in the obtained CAGE library.
release 5′ completed cdnas from magnetic beads • tIMInG 15 min 23| Add 60 µl of 50 mM NaOH solution to the beads with the cDNA/RNA bound (from Step 22) and incubate the mixture at room temperature for 10 min, with occasional mixing by pipetting or vortexing.
24|
Place the beads on the magnetic stand and wait for 3 min. Transfer the supernatant to a new tube.
25|
To neutralize the alkali solution, add 12 µl of 1 M Tris-HCl (pH 7.0) to the 60 µl of eluant. The total volume is now 72 µl. Keep the cDNA on ice before proceeding to the next step. Quality check • tIMInG 1.5 h 28| Measure the concentration using 2 µl of purified single-stranded cDNAs by OliGreen (make a 1/10 dilution and measure it in duplicate). Measure the size distribution with 1 µl of the cDNA by using the Agilent Bioanalyzer RNA pico kit according to the manufacturer's instructions. Optionally, to analyze the yield of cDNA, you can also use 1 µl of cDNA; after 10× dilution, you can perform qRT-PCR with ACTB-specific primers and ribosomal cDNA primers (see Experimental design) to monitor specific enrichment of capped molecules using the SYBR Premix Ex Taq and StepOnePlus real-time PCR system, according to the manufacturer's protocol.  crItIcal step Ensure that the total amount of obtained cDNA is between 3 and 30 ng when starting from 5 µg of total RNA. The size range should be broad, as shown in Figure 4 . ? troublesHootInG 29| Concentrate the cDNA using a centrifugal concentrator at room temperature in a siliconized tube, and then redissolve it in 4 µl of water.  crItIcal step It may be preferable to avoid complete drying of the pellet by frequently inspecting the remaining volume of water in the sample when drying. 
32|
After extensive mixing, incubate at 16 °C for 16 h (overnight).  crItIcal step By using differently bar-coded 5′ linkers, it is possible to pool different cDNAs in the following purification step.
cdna purification with the aMpure Xp kit and pooling samples • tIMInG 1.5 h 33| Add 55 µl of water to the 15 µl of 5′ linker-ligated cDNAs. For pooling cDNAs, pool the ligated cDNAs and adjust the volume to 70 µl with water.  crItIcal step In this step, because of volume constraints, the maximum number of cDNA samples that can be pooled is limited to four. It is possible to pool more cDNAs together in the second purification step (Step 34).
34|
Mix 126 µl of Agencourt AMPure XP reagent and 70 µl of cDNAs. Purify as in Steps 6-10 and repeat the whole purification process (Steps 6-10) again. The final elution volume is 30.5 µl.  crItIcal step As the concentration of the 5′ linker is high, it is important to perform the purification twice to avoid any linker dimers in the final library. During the second purification step, it is possible to pool different sets of pooled cDNA samples, after the binding step, just before the 70% (vol/vol) ethanol washing step.
second-strand cdna synthesis • tIMInG 30 min 35| Set up the second-strand synthesis on ice as described below and gently mix by pipetting: antarctic phosphatase activation • tIMInG 1.5 h 37| Add the following reagents to the second-strand cDNA reaction solution and gently mix by pipetting ten times. Incubate the mixture at 37 °C for 1 h. Inactivate the enzyme at 65 °C for 5 min and then cool it on ice for 2 min. 
47|
Incubate the mixture at room temperature for 30 min (pipette thoroughly ten times or vortex moderately every 5 min). Place the reaction solution on the magnetic stand and wait 3 min for the beads to separate. Aspirate and discard the cleared solution.
48| Keep the sample on the magnetic stand and wash the beads with 150 µl of the various wash buffers as follows. Wash buffer 1 (once), wash buffer 2 (once), wash buffer 3 (twice) and wash buffer 4 (twice). At each wash, resuspend the beads and let them separate for 3 min on the magnetic stand before discarding the washing solution.  crItIcal step It is important to wash multiple times. We have found that this helps to prevent contamination of excess 3′ linkers in the final library.
49|
For the final wash, keep the sample on the magnetic stand and quickly wash with 50 µl of water.  crItIcal step To avoid losing cDNAs because of denaturation, do not heat up the sample, and perform these steps as quickly as possible.
50|
After removing from the magnetic stand, add 20 µl of water to the magnetic beads. This will be the template for subsequent PCR reactions.  pause poInt The purified beads with cDNA can be kept frozen for up to 1 month at − 20 °C. ? troublesHootInG bulk pcr amplification • tIMInG 30 min 54| After determining the optimal PCR cycle number, perform bulk PCR (six PCR tubes) to amplify the remaining part of the library (12 µl of remaining cDNAs from Step 50) as described in Steps 51 and 52, using the optimal cycle number determined in
Step 53 (use just enough cycles to detect the desired band but minimize the number of cycles). ! cautIon Do not carry out amplification in a single tube with a large amount of beads; the beads may inhibit the PCR (in general, do not amplify more than 2 µl of beads for a 50-µl PCR).
purification of primers with exonuclease I • tIMInG 1.5 h 55| Pool three of the PCR reactions from
Step 54, each one containing 50 µl, into one 1.5-ml siliconized tube. Repeat this for the remaining three PCRs to yield a total of two tubes for each CAGE library. ) to each of the 150 µl of PCR solutions; mix by pipetting on ice and incubate at 37 °C for 30 min. 65| Generating a CAGE tag start site (CTSS) file. The CTSS file lists the genomic positions where CAGE tags start alongside the number of reads found. Use the script 'make_ctss.sh' (supplementary data 1) to generate this file.
56|

66|
Generating CAGE tag clusters. Use the program paraclu (http://www.cbrc.jp/paraclu/) 14 to aggregate CTSS positions into CAGE clusters.  crItIcal step When there are multiple replicas of a given biological sample/condition, we recommend first merging the CTSS files for all the biological/technical replicas and generating clusters on the basis of the merged data, as explained in detail on the paraclu specifications (http://www.cbrc.jp/paraclu).
67|
Assign expression to clusters. Use BEDtools 36 to intersect the CTSS files with the boundaries defined by paraclu to obtain a raw tag count per cluster. To normalize the data, divide the raw tag counts by the total number of mapped tags in the library and multiply by 1 million (tag per million). The quantified clusters can be uploaded to the University of California, Santa Cruz (UCSC) Genome Browser 37 for visual inspection. Use a larger number of PCR cycles (see Fig. 5a ). You can amplify up to 25 cycles. However, with more than 25 cycles, we observe a sharp increase in sequencing redundancy, showing molecular bottlenecks
68|
There is a strong peak around 70-80 bp Contaminating 5′ linker and 3′ linker dimers
If the contaminant band molarity is considerably lower than 96 bp, the sequencing yield will not be dramatically affected (Fig. 5f ). High molar contamination will affect sequencing (Fig. 5g) , causing sequencing reads to be heavily contaminated by linker sequences. An option to rescue the library is to cut the 96-bp band from the gel. The linkers should be tested to prevent long-term problems
Phospate modification remains at the 3′ end of excess 5′ linker Check Antarctic phosphatase enzyme activity at Step 37 redundancy of < 3 ( > 300,000 different tags identified per million sequences). Although excessive redundancy might imply RNA degradation and failure to aggregate tags to the cap, in reality mammalian 11 and other metazoan 10 promoters show a distributed shape with multiple starting sites within core promoters that justify a relatively low and spread distribution of tag-identified starting sites. Redundancy values above 5 for a mammalian RNA (at a fixed depth of 1 million tags) are suggestive of molecular bottlenecks that are likely to have been introduced by PCR. Redundancy per million tags is likely to be higher for other eukaryotes in which the genome is smaller and the complexity of the transcriptome is lower. Mapping the tags to the genome with 'Delve' (T.L., unpublished data) provides yet another estimate of the quality of the library. A high mapping rate to known promoter regions is indicative of high library quality. Conversely, a high mapping rate to ribosomal RNAs indicates a high level of contamination of noncapped RNAs. A typical CAGE library produced from total tissue RNA shows minimal ribosomal RNA contamination, often < 1%, which is remarkable given the facts that libraries are randomly primed and that rRNA constitutes the vast majority of RNAs. As a quality control measure, we measure the hits of CAGE sequences to various genome features. For instance, in typical libraries (table 2, last row), we observe an average of 61% hits to 5′ UTR and core promoters, 7.2% to exons, 16.2% to introns and 15.6% to intergenic regions, using poly-A minus RNA from human umbilical vein endothelial cell and HeLaS3 cells.
After the quality check, bioinformatics analysis consists of clustering the tags into groups and assigning them to known genes or new clusters. Grouping by clustering was at first arbitrary, grouping to single units (TSS candidates) tags whose 5′ ends were mapping within 20 nt on the genome 11, 23, 10 . This approach has the disadvantage that at very deep sequencing, low-frequency events (including background of the technology) produce increasingly large clusters, devoid of biological importance. Different definitions of clusters have involved the restriction of the clusters to windows no larger than 300 nt wide 15 , or have taken into account the relative density of the peaks identified by CAGE tags 14 . When applying the latter approach to biological replicates, a high Pearson's correlation coefficient of 0.94 can be observed (Fig. 6) . The recently developed irreproducible discovery rate (IDR) method 40 can be used to distinguish highly reproducible from less reproducible peaks, which can arise because of biological variation between the samples. New approaches to clustering are being developed, which will take into account the distribution of the peaks across different tissues and cells in order to decompose multiple transcription contributions of overlapping functional elements of promoters that promote transcription on different genome bases.
After clustering, bioinformatics tools are available to connect the identified promoters to known gene models 36 , which will help to ultimately connect a gene name to the promoters and the networks that control its expression 15 . A full set of freely available tools and resources are available online (http://genome.gsc.riken.jp/osc/english/dataresource/). In particular, the reader can download the analytical tools such as Nexalign (for the alignment of CAGE sequences to the genome), TagDust (to remove linker dimer sequences) and MuMRescueLite (a tool to rescue tags that map in multiple location of the genome), which are among the most commonly used tools; researchers can also download and use EdgeExpress (a CAGE visualization tool). 
